inflation and deflation of the lungs, and set out to use this and associated methods to study cardiorespiratory control in mammals. He collaborated with Edith Btilbring on the effect of adrenaline on the excitation of blood-perfused nerve trunks to elucidate a difficulty raised by her work with J.H. Burn. His interest in respiratory mechanisms was sharply focused during World War II by his involvement, with Solly Zuckerman, in studies in 1940 of the effects of blast (2). Non-fatal exposure led to a state of dyspnoea with rapid shallow breathing attributable to reduction in the pulmonary capillary reserve, a state similar to the dyspnoea of 'cardiac asthma' and to that following the injection of starch granules into the pulmonary circulation. At that time it was reasonable to propose that it resulted from sensitization of the inflation-sensitive afferents from the lung.
In an article in Biology and Human Affairs Whitteridge (6) in 1945 wrote 'life in the [Oxford] laboratory was barely discernible and I tried to combine two main interests, respiratory (a legacy of J.S. Haldane) and nervous physiology by investigating the behaviour of afferent nerve fibres from the lung, using the single fibre technique (E.D. Adrian) ... This work may perhaps explain some difficulties in the understanding of respiratory distress in blast, poison gas and heart failure'. An urgent need was for electronic equipment, which had to be put together from war surplus armaments, a task entailing visits to Lisle Street, Soho. He shared the task with Jock (W.T.S.) Austin. Jock had suffered severe cranial injury while flying R.A.F. gliders in 1943 and met David during rehabilitation in Oxford. They formed an enduring partnership in which Jock became his right-hand man from 1944 to 1968. Jock became an electronic engineer as well as laboratory assistant. The somewhat idiosyncratic electronic creations that were later developed in Edinburgh came to be known as Jock boxes and found wide use in the Physiology Department there. Many of the circuits and underlying design of this equipment were encapsulated in an invaluable technical manual Electrophysiological technique by C.J. Dickinson (1950) , later Professor of Medicine at St Bartholomew's, London. Dickinson was one of David's Magdalen students.
Experiments on lung afferents with Edith Bulbring had shown that the sensitization that occurred during inhalation of volatile anaesthetics, particularly trichlorethylene, and the attendant dyspnoea were probably increased in this instance by some sensitization of 'deflation' receptors also. In a subsequent paper he and Bulbring showed, however, that experimental congestion of perfused lungs by raising venous pressure had no sensitizing effect on stretch receptors (5). He also showed that the same was true for inhalation of phosgene, and for starch embolism of the lungs (3, 9), and was thus able to attack the accepted explanation for cardiac dyspnoea and to propose that other as yet unidentified afferents were involved. A systematic search for other cardiopulmonary afferents revealed some in the atria and great veins, and others which, from their association with the pressure pulses in the pulmonary artery, he believed to be in the lungs (7). None, however, satisfied the requirement of being activated by pulmonary congestion.
This elegant original but incomplete analysis with several collaborators (C.G. Douglas, E.G. Walsh, R.W. Torrance, C.J. Dickinson) was considerably advanced by A.S. Paintal, Whitteridge's first research pupil after he moved to Edinburgh in 1950. With some important changes in technique Paintal confirmed much of this work and showed that Whitteridge's pulmonary vascular afferents in fact belonged to another group of atrial receptors whose activity followed atrial volume rather than pressure. Paintal subsequently discovered pulmonary receptors (later called J receptors) which were active during pulmonary congestion and whose activity was associated with rapid shallow breathing. Years later, after his retirement in 1979, Whitteridge had the satisfaction of collaborating with Paintal in Delhi in a new study of the effects of inhaled phosgene which set up conditions in which J receptors were indeed sensitized (37).
Autonomic control in paraplegics
The establishment of national centres for head injuries and for nerve injuries during World War II generated a community of surgeons and physicians in Oxford with which Whitteridge among other scientists became associated. He set up the first primitive electroencephalographic unit and supervised its operation for a few years. He met the neurosurgeon Ludwig Guttmann, a pupil of Otfrid Forster. Guttmann was involved in various experimental projects but only came into his own in this country in 1943 when he was appointed Director of the new National Spinal Injury Centre at Stoke Mandeville. In his affectionate memoir of Guttmann (33), Whitteridge described the dramatic success of Guttmann's methods in treating and rehabilitating paraplegic casualties of war, and his own involvement in analysing and explaining the disturbances of blood pressure and temperature control that paraplegic patients could experience as a result of pelvic visceral distension and other hazards to which they are liable. He and Guttmann showed that the pattern of vascular change depended crucially on the level of the spinal lesion. Although with lesions below T6 distension of the bladder led to vasoconstriction below the lesion with consequent reduction of peripheral blood flow there, the reflex vasodilation above the lesion was adequate in preventing a rise in blood pressure or temperature. With lesions above T6 such compensation was inadequate to prevent these changes, and the patient would suffer a surge of blood pressure and rise of body temperature with their associated risks. This analysis, which had considerable clinical importance, appealed to Whitteridge as a logical exercise in the understanding of a servocontrol system operating in man.
The association with Guttmann continued after David's move to Edinburgh when he and colleagues took their skills in the analysis of respiration and speech to Guttmann's spinal injuries centre to explore the effect of spinal transection on speech. They established that, although recovery appeared to be complete, there was in fact a detectable deficit uncovered when subjects were asked to put stress on the word at the end of a sentence. As David said in his Biographical Memoir of Ludwig Guttmann (33), it was seldom that the latter's clinical assessment could be successfully challenged.
E d in b u r g h 1950-68
In 1950 David was appointed to the Physiology Chair at Edinburgh. He came to take up appointment ahead of the family and was accompanied by Jock Austin. They had a frosty welcome. Their arrival after a long drive from Oxford was heralded by severe weather which led to their staying in a house, borrowed from J.H. Gaddum, with frozen pipes and no electricity. He survived the experience thanks to Jock's ingenuity.
At Edinburgh, Gweneth and David were generous hosts to visiting academics, colleagues, staff and students and did their best to make new-comers feel at home. One vivid memory is of Christmas parties at which charades were customary. These could be daunting in the use of episodes drawn from Greek classical mythology -no problem for the hosts. One visitor even commented on the quite remarkable bohemian character of the Edinburgh academic scene. Years later Gweneth looked back nostalgically on their years in Edinburgh.
In Edinburgh he was again in a run-down department, this time at the helm. With characteristic vigour he recruited new staff, some his old students from Oxford, others from the wider Empire. He began the restoration of the Honours Physiology School, with emphasis on laboratory classwork, and encouraged the prosecution of research work. An indication of his problems in promoting research work in the department comes from his letter to the Lancet (14) in which he voices concern at the monopolistic tendencies of the Government Research Councils in channelling funds to their institutes and, in so doing, depriving the universities of the resources essential to the proper promotion of university-based research.
One 
Teaching at Edinburgh
His election to the Chair of Physiology in the Medical Faculty in Edinburgh had brought a distinguished teacher to the department. Appointed a University Demonstrator in Oxford in 1944 and a Fellow of his old college, Magdalen, in 1945, he had already acquired a reputation as a challenging teacher, very active in class teaching which he had revolutionized by the introduction of a mass of new electrophysiological material, outstandingly generous with his time and ideas with keen students, and witheringly critical of inept work. He was to find many targets for his criticism in Edinburgh. His denunciations of poor teaching must have bruised some sensitive ears. In a book review some ten years after arriving there, he wrote 'as a subject taught to postgraduates by lecturers unfamiliar with laboratory work, didactic physiology has disappeared in the last five years, even in Edinburgh'. Physiology had become a neglected and somewhat despised part of the preclinical curriculum, in which anatomy was dominant. He found that examination questions about functioning systems commonly generated mere descriptions of structure. And although provision existed for students to spend an intercalated honours year, this was not being exploited. He set out with characteristic energy to generate interest, and recognizing that an Edinburgh professor's utterances had considerable authority, he gave up-to-the moment lectures, disregarding the textbooks where appropriate, and live demonstrations, often with himself as the subject. A favourite demonstration, derived from his research with Draper and Ladefoged on the activity of the chest muscles during speech, involved placing recording needles in his external and internal intercostal muscles and a pressure monitor in his oesophagus and showing the change-over from one set of muscles to the other during a variety of vocal acrobatics recorded by a microphone. In these class demonstrations he was ably assisted by Jock Austin. During demonstrations Jock would say ' Time for your patter sir, while I change the amplifiers over'. One was never quite sure just what miracle Jock would perform at that moment to make sure the demonstration succeeded.
In his own view, his chief work in teaching at Edinburgh was building up the intercalated Honours B.Sc. in physiology. Offers of an honours year to able students were increasingly taken up, and Whitteridge put a lot of personal effort into planning classwork for them, while fighting at University level for more posts in the department. The success of his honours class was, in many eyes, the most important thing he achieved in Edinburgh. From small beginnings the class built up to 20 honours students each year and he was soon recognized as training future teachers, many of whom came to occupy positions of influence and distinction in the biomedical field.
Research at Edinburgh
Research work continued in the cardiorespiratory field and it must have been a serious set back when his embryo Respiratory Mechanisms Group suffered the defection through illness of J.W. Pearce. One notable success was the tenure of a Rockefeller Fellowship by A.S. Paintal, who further developed the analysis of cardiopulmonary vagal afferents begun by Whitteridge. The action of anaesthetics on baroceptors, with J.D. Robertson and A.A.B. Swan, carried forward the older study with E. Bulbring on pulmonary stretch receptors, and provided an explanation for the initial bradycardia following sudden exposure to volatile anaesthetics such as ether and chloroform: the carotid sinus and aortic baroceptors were sensitized by the anaesthetics and the bradycardia was reflex.
His experiments with the phonetician D. Ladefoged and with M.H. Draper (15) rewrote the textbook account of breathing in speech by showing that the steady pressures needed during speech or singing are achieved by the external intercostal (inspiratory muscles) at first opposing the elastic recoil of the chest, then the internal intercostals (expiratory muscles) and finally the abdominal muscles assisting the elastic recoil.
Mapping the visual system
A new strand of research, which was to become a major life-long interest, appeared when he became involved with Sybil Creed and Peter Daniel in the afferent mechanisms of the extra-ocular muscles and the control of eye movement. This work begun in Oxford continued after his move to Edinburgh. The eye muscles of sheep and goats have a rich supply of muscle spindles. Eye movements in these animals are not prominent and stretch reflexes are absent. Contraction of the extrafusal muscle fibres unloads the muscle spindles and stimulation of the gamma efferent fibres excites them (16). Attention then shifted to the brainstem actions of the eye muscle and retinal afferents (11-13). The conclusion reached in these studies, and a review of the literature, was that 'proprioceptors in the eye muscle then cannot be shown to play any part in the conscious appreciation of eye movement and do not seem to be responsible for any form of stretch reflex' (17). At the same time, together with postgraduate students, a start was made on the lateral geniculate and cerebral cortical representation of the visual field, in frog, pigeon, cat and rabbit.
Whitteridge had viewed with deep scepticism the tendency in the 1940s and 1950s to minimize the importance of precise localization in the primary sensory areas of the brain (see, for example, Boring 1960). He now undertook, with P.M. Daniel, a major project, which lasted on and off for some eight years, to map the visual field in the monkey's striate cortex. Up to that time only the smooth accessible surface had been explored, not the convoluted and buried cortex of the calcarine fissure whose existence made direct reconstruction of the visual area as a continuous surface impossible. They calculated the surface by using magnification factors derived from their data which expressed millimetres of cortex per degree on the retina, made a curved rubber mould of it, and then by trial and error were able to fold it to form a near fit with the geometry of the cortex itself (18). Later a similar type of map was made of the visual cortex of the cat, which revealed that unlike the monkey the cat has much greater representation in the lower than in the upper part of its visual field (21).
These mapping studies were to form an important basis for Whitteridge's future studies of binocular vision after his return to Oxford in 1968. In the meantime they provided a clue to the way in which the two visual hemifields are fused in the midline. The anatomical work of Ebner and Myers (1965) had shown that callosal fibres project to a narrow band bounding the visual area that these maps showed to correspond to the vertical meridian of the field at the boundary of OBy, VI and VII of the cat. With Choudhury and Wilson (19) he deprived one hemisphere by cutting its optic tract, and showed that the surviving activity did indeed represent the vertical meridian; it could be blocked by cooling the corresponding region of the opposite hemisphere (20). This again was to acquire significance in the understanding of binocular depth perception.
B a c k at O x fo r d 1968-79
Returning to Oxford as Waynflete Professor of Physiology in 1968 brought David Whitteridge a lot of things he valued. He became chairman of a department with which he had strong scientific and personal links. His chair was associated with a Fellowship at his old college, Magdalen. And it was a period of reasonable stability in the universities, with no desperate fight for funds. He took a lively interest in the research activities of the department, especially in the work of younger staff and research students, who would be surprised to find themselves in serious scientific discussion with a man they feared to find formidable and intellectually remote. They soon discovered he was easily approachable and found his range of knowledge and interests extraordinary. He himself was free of self-importance and would mock it irreverently in other people; his scientific talk was laced with stories of the absurdities of human behaviour, which gave him endless enjoyment.
The academic structure of the Honours School of Physiology was under active consideration on his arrival. He was able to add some experience and authority to the task of reforming it so that other departments besides physiology and biochemistry could take part: human anatomy, pathology and pharmacology. The changes were to the great benefit of undergraduates and departments. In his view it was scandalous that Florey in Oxford never had an Oxford postgraduate in his department. This state of affairs no longer exists, at least in some measure as a result of these reforms.
Binocular and stereoscopic vision
The return to Oxford began with a continuation of interest in mapping studies. A valuable collaboration with Peter Clarke extended previous work on the representation of the visual field on the tectum of the pigeon (24) and intensified an attack on the visual cortex of sheep (22, 23, 25) . Attention in the visual field had moved away from mapping and shifted dramatically to the optimal stimulus patterns for single visual cortical cells, a change initiated by David Hubei and Torsten Wiesel. The further important demonstration of cells encoding horizontal binocular disparities (Barlow et al. 1967 ) had a significance for depth perception which Whitteridge quickly assimilated. His studies were made on sheep because of the wide intraocular distance, with a corresponding large disparity of the retinal projection to the cortex, a particular advantage in measuring binocular disparity. Cells in the primary and secondary visual areas were analysed: those in VI were 'simple', with some orientational and directional sensitivity whereas those in V2 were predominantly 'complex and hypercomplex' in the terminology of Hubei and Wiesel (1962) . This preliminary work laid the foundation for the quantitative analysis of binocular visual mechanisms. Disparities in receptive fields were assessed in VI and V2, with use of an adjustable prism in front of one eye (26). Cells in VI showed no detectable disparity when tested binocularly, whereas binocular cells in V2 had disparities of several degrees, and individual cells were sharply tuned. The organization of visual cortex cells in columns according to specific characteristics of their visual fields had been established by Hubei and Wiesel. Whitteridge and colleagues were particularly concerned to seek for evidence of an orderly spatial arrangement of the binocular cells in V2. This they found, with the cells in both VI and V2 in clusters, possibly in columns with respect to orientation preference and ocular dominance. The cells in V2 were also arranged in disparity columns, but independently of the orientation clusters.
The arrival of V.S. Ramachandran in 1976 stimulated work on young lambs and the question of 'nature or nurture' in the visual system, that is whether the response characteristics of neurons in the adult visual cortex were innate or shaped by experience. Studies in other laboratories, on cats and monkeys, had demonstrated that ocular dominance and orientation preference were present in those species at birth. The newborn had less sharply tuned orientation preference and less binocular interaction. The lamb was a suitable animal in which to extend this enquiry to binocular cells in V2 since at birth it has clear optics that enabled visual stimuli to be used effectively, and the research group were by now well versed in the binocular capacity of adult sheep. The ability of each eye to excite a cortical neuron could be influenced by experience during development in adult sheep but the capacity of the newborn lamb was unknown. A comparison was made of the development of binocular depth cells in V2 of lambs (28), with results indicating that binocular disparities are genetically programmed, although binocular selectivity was not fully developed until six weeks or more after birth. This full development did, however, require visual experience. In lambs the V2 cells had several features that were adult like: topographic organization; receptive field type; orientation and matching of orientation between the eyes. The results provided crucial evidence for genetic determination, with nurture adding some finer tuning due to visual experience. In subsequent work the receptive field characteristics of VI cortex cells were analysed in newborn and adult sheep (32). The lambs had similar properties to the adult in respect of orientation selectivity, and binocular interactions were largely absent in the newborn. These experiments resolved in principle, in a gratifying and clear-cut fashion, the historical controversy between the 'empiricist' and 'nativist' views of Helmholtz and Hering respectively as to the origin of stereopsis, with experience adding refinement during maturation.
Kevan Martin joined Whitteridge in 1977 and factors that could modify the 'critical period' in lambs, such as 4-aminopyridine, were explored (30). Binocular mechanisms were also studied in primates, with H. Kennedy and G. Orbon.
L ife in r e t ir e m e n t
In their home on Boars Hill the Whitteridges had a large well wooded garden, and by the time of his retirement David had developed a fine collection of rhododendrons. Their many visitors will remember the experience of being taken round as he named each species and hybrid, right to the last, the spectacular R. sinogrande, planted for the next generation. David was a devout Anglican, and in retirement he was able to give his time to parish activities which included a garden party each summer. There was always another rhododendron party for all members of his Oxford laboratories. He also found time to record some of his unique knowledge of the scientific equipment and methods used by Sherrington and his contemporaries (29); earlier he had given a demonstration of the falling table method used by Liddell and Sherrington to show the quadriceps stretch reflex (27).
These activities were clearly not enough to exhaust his intellectual vigour, and he accepted with alacrity Larry Weiskrantz's offer of laboratory space in the Department of Experimental Psychology. This move across the road came with a shift in his interests from the use of metal microelectrodes to the use of glass micropipette electrodes with which it is possible to make intracellular records of neuronal activity. In the remaining years of his active laboratory life, Whitteridge, in association with K. Martin, P. Somogyi and others, worked at first in a laboratory in experimental psychology and later in the M.R.C. Anatomical Neuropharmacology Unit in the Department of Pharmacology. Good use was made of these powerful new techniques. In this spectacular late flowering of his scientific odyssey, Whitteridge's sound anatomical basis from his previous 30 years of topographical and spatial studies of the visual system in several species must have provided an essential and secure anchorage for these functional studies made with junior colleagues. Remarkable and effective use was made of the intracellular labelling techniques to explore the intercellular connections of functionally different neurons in the visual cortex, those with monosynaptic and/or polysynaptic inputs from lateral geniculate neurons as well as cortical interneurons. This diversity of cell types could be assimilated into previous descriptions with the added knowledge, available from HRP labelling, of the axonal projection of the cells. The long-term aim of these studies was not just the structure-function relation of single cells but the 'more interesting problem of neuronal circuitry attacked by the use of a combination of techniques' (34) expressed eventually in models of cellular interconnections. In the meantime an extensive sampling of HRP-stained cortical neurons provided a secure background to these planned studies, revealing as they did much more than could be seen in Golgi preparations, with axon collaterals in particular revealing new information. Collaboration with Hungarian electron microscopists P. Somogyi and Z.F. Kisvarday (31) opened up a new prospect, the identification of synaptic connection onto the cortical neurons as well as the onward connections of the HRP-marked cells. This combination of physiological identification of a neuron with its morphology was, indeed, a very powerful tool. David and his team in the ensuing years made full use of the opportunity. One striking discovery was the way in which axon collaterals of some basket cells of Lorente de No (1922) , could now be seen to make connections with the somata and apical dendrites of pyramidal cells (31). A further advance was to use immunocytochemical labelling of a major inhibitory transmitter -gammaamino butyric acid (GABA) -which made it possible to attribute an inhibitory function for some of the previously described synapses (type II of Gray 1959) of clutch cells' axons on identified HRP-filled neurons. The location of the collateral terminal synapses on or near the proximal dendrite or on the soma of the target cells could suggest a potent action in inhibiting the discharge of the target cell.
The aim expressed in an earlier paper, the 'more interesting problem ... of the cortical circuitry' was addressed in his last major publications (35, 36). The physiological characteristics of specified cortical neurons were found to be inconsistent with current models in the literature that postulated inhibitory mechanisms to account for directionality and orientation properties of the cells. Nor did the authors find the hypothesized large conductance changes advanced as an explanation for shunting inhibition. This last group of papers was completed by another, this time physiological, model of visual mechanisms (a functional microcircuit) by his colleagues K.A.C. Martin and R.J. Douglas.
This remarkable burst of publications, all of high quality, suggests that David, in retirement and in the research laboratory with access to advanced technology, had found his metier, working at the forefront of his chosen field to which he had been making significant contributions for nearly 50 years. The conferment of an Honorary D.Sc. by Edinburgh University in 1993 was fully merited and equally appreciated.
P r o f e s s i o n a l a c t i v i t i e s
David played a full part in the professional activities of the universities he served as well as the scientific societies with which he was associated. At Oxford he was Examiner in Physiology, on the General Board of Faculties and on the Libraries Board. At Edinburgh he was on the University Court, a Trustee of the National Library of Scotland and on the Council of the Royal Society of Edinburgh. He was a member of several scientific societies, and was 
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